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Project  Summary 


We  have  obtained  CW  laser  action  in  the  ultraviolet  in  a 
silver-neon  plasma  excited  by  an  electron  beam.  Laser  oscillation 
was  obtained  in  the  318  r.m  transition  of  Agll.  Excitation  of  the 
laser  upper  level  occurs  by  charge  transfer  collisions  between 
ground  state  neon  ions  created  by  electron  beam  ionization  and 
silver  atoms.  CW  laser  oscillation  was  also  obtained  in  the  4^8.8 
nm  line  of  Ag'I . 

These  results  were  obtained  operating  high  voltage  glow 
discharge  electron  guns  in  a  neon  atmosphere  for  the  first  time. 
Previously,  electron  beam  excited  CW  lasers  were  limited  to  the  use 
of  helium  as  the  major  atomic  component  of  the  gain  medium.  The 
successful  use  of  neon  significantly  increases  the  number  of 
possible  laser  lines  that  might  be  excited  by  means  of  selective 
energy  transfer  processes  involving  quasi-resonant  collisions.  Of 
particular  interest  are  the  Cull  laser  lines  in  the  vicinity  of  260 
nm . 

Laser  output  powers  of  60  mW  and  14  mW  were  obtained  in  the 
visible  and  ultraviolet  transitions  of  Agll  respectively  using 


nor.-opt imized  optical  cavities.  These  results  were  obtained  making 
use  of  only  approximately  20  percent  of  the  volume  of  the  electron 


beam  created  plasma  to  generate  the  laser  radiation.  A  significant 
increase  in  the  laser  output  power  could  be  obtained  by  optimizing 
the  overlap  between  the  mode  volume  and  the  electron  beam  plasma 

odea 

volume.  No  saturation  of  the  laser  output  power  with  discharge  'or 

iaJl 
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current  was  observed  up  to  the  maximum  current  investigated  which 
was  1.45  A.  A  more  complete  description  of  the  experiments  is 
given  in  appendix  1 . 

In  summary,  we  have  developed  a  CW  electron  beam  laser  capable 
of  oscillating  in  transitions  corresponding  to  elements  requiring 
high  vaporization  c_mp csa^^u.  CW  laser  oscillation  was 
demonstrated  at  478.8  and  at  318  nm  in  singly  ionized  silver  in  a 
Ag-Ne  plasma.  This  is  the  first  time  that  electron  beam  excitation 
has  been  successfully  used  to  pump  a  CW  ultraviolet  laser. 
Substitution  of  the  silver  by  copper  is  expected  to  result  in  CW 
laser  action  in  the  248-270  nm  region. 

During  the  period  of  this  grant,  we  also  extended  out  study  of 
laser  action  in  the  flowing  negative  glow  plasmas.  In  this  scheme, 
energetic  electrons  produce  a  negative  glow  plasma  in  a  localized 
region.  This  plasma  is  then  expanded  by  a  fast  gas  flow  to  form  a 
plasma  plume  in  which  the  plasma  ions  recombine  with  cool  electrons 
to  excite  laser  transitions.  The  separation  of  the  excitation 
region  from  the  recombination  region  allows  us  to  obtain  CW  laser 
action  in  atomic  and  ionic  systems  in  which  the  excitation  of  the 
lower  level  would  forbid  the  generation  of  population  inversions  in 
the  presence  of  energetic  electrons.  Previously  using  this  device 
we  demonstrated  CW  laser  action  by  three-body  electron-ion 
recombination  in  infrared  lines  in  Cdl .  We  have  extended  CW  laser 
operation  to  Arl  and  have  also  obtained  pulse  laser  operation  of 
infrared  lines  of  Pbl,  Pbll,  Znl,  SnII,  H2,  Arl  and  Nel.  The 
dependence  of  the  laser  intensity  as  a  function  of  the  discharge 
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parameters  and  position  of  the  recombining  plasma  plume  was  studied 
in  Arl,  Pbl,  ?bll,  Znl  and  SnXI.  We  also  demonstrated  that  the 
addition  of  hydrogen  aids  plasma  cooling  and  significantly 
increases  the  laser  intensity.  The  results  of  our  study  are 
summarized  in  appendix  2. 


Appendix  1 


CW  Ultraviolet  and  Visible  Laser  Action  from  Ionized  Silver 
in  an  Electron  Beam  Generated  Plasma 

3.  We rn smart ,  J.  J.  Roccaa  and  H.  L.  Mancini 
Electrical  Engineering  Department 
Colorado  State  University 
Fort  Collins,  CO  80523 

Continuous  wave  Laser  oscillation  was  obtained  in  the  318.1  nm 
and  the  478.3  nm  lines  of  Agll  in  a  neon-silver  vapor  mixture 
excited  by  glow  dxscharge  electron  beams.  Laser  output  powers  of 
14  mW  and  60  mW  were  obtained  in  the  ultraviolet  and  blue 
transitions  respectively  using  non-optimized  optical  cavities. 


a)  National  Science  Foundation  Presidential  Young  Investigator 


Previously,  we  reported  laser  action  in  more  than  50  ionic  and 
atomic  laser  lines  using  electron  beam  excitation  of  helium-metal 
vapor  plasmas  [1-5].  Different  population  inversion  mechanisms 
including  charge  transfer  [1,2],  coilisional  electron-ion 
recombination  [3],  penning  ionization  [4]  and  dissociative 
excitation  [5]  have  been  successfully  used  to  obtain  laser 
oscillation  in  plasmas  generated  by  glow  discharge  electron  beams. 
DC  electron  beam  excitation  has  been  demonstrated  to  produce  high 
CW  laser  powers  as  1.2  W  was  obtained  in  the  blue  lines  of  Znll 
[1] .  However  up  to  date  CW  laser  action  by  electron  beam 
excitation  was  limited  to  the  infrared  and  the  visible  regions  of 
the  spectrum  and  to  the  use  of  helium  as  the  major  atomic  component 
of  the  gain  medium.  Herein  we  report  the  operation  of  a  CW 
eltCuron  beam  pumped  laser  in  the  ultraviolet  for  the  first  time. 
Also  we  have  demonstrated  the  use  of  neon  as  a  buffer  gas  thereby 
significantly  increasing  the  number  of  possible  laser  lines  that 
might  be  excited  with  this  type  of  excitation  by  means  of  selective 
energy  transfer  processes  involving  quasi-resonant  collisions  [6]. 

CW  laser  action  was  obtained  in  the  318.1  nm  [5s^  -  5p 

3F30]  and  the  478.8  nm  [5s2  *03  -  5p  ]-P]_0]  lines  of  Agll  in  a 
neon-silver  plasma  excited  by  a  multikilovolt  dc  electron  beam. 

The  laser  upper  levels  are  populated  by  charge  transfer  collisions 
between  ground  state  neon  ions  and  ground  state  silver  atoms  as 
previously  observed  to  occur  in  hollow  cathode  discharges  [7].  The 
majority  of  the  neon  ions  are  created  by  electron  impact  ionization 


-  -)  1 
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as  a  consequence  of  the  collisions  between  high  energy  electrons 
and  neon  atoms. 

The  laser  setup  employed  in  the  experiments  is  similar  to  that 
recently  used  to  obtain  laser  action  in  the  infrared  in  a  He-Ag 
mixture,  and  it  has  been  described  in  detail  in  a  previous 
publication  [2]  .  The  laser  active  medium  is  a  neon-silver  plasma 
generated  inside  a  molybdenum  tube  90  cm  in  length  with  an  inside 
diameter  of  0.9  cm  by  the  excitation  produced  by  two  glow  discharge 
electron  guns.  A  compact  tantalum  ribbon  heater  surrounds  the 
plasma  tube  and  produces  the  necessary  temperature  to  vaporize 
silver  and  obtain  the  metal  vapor  density  required  for  laser 
operation.  The  plasma  tube  and  the  heater  are  placed  on  the  axis 
of  an  electromagnet  that  produces  a  magnetic  field  with  the  purpose 
of  guiding  and  confining  the  electron  beam.  The  magnetic  field 
minimizes  the  scattering  of  energetic  beam  electrons  to  the  walls 
of  the  plasma  tube  and  consequently  allows  for  a  more  efficient 
deposition  of  the  electron  beam  energy  into  the  plasma.  An 
electron  beam  is  injected  into  the  plasma  tube  from  each  end  using 
two  electron  guns  connected  to  the  same  dc  power  supply  through 
separate  ballast  resistors.  The  use  of  a  pair  of  electron  guns 
instead  of  one  allows  for  the  generation  of  two  counter-propogating 
electron  beams  which  produce  a  more  uniform  plasma  and  increases 
the  available  pumping  power.  The  electron  guns,  which  have  a  0.5 
cm  diameter  hole  through  their  axis  to  allow  the  passage  of  laser 
radiation,  are  constructed  using  molybdenum-magnes ium  oxide 
sintered  cathodes  that  can  produce  high  current  dc  electron  beams 


[3] 


ir.  an  oxygen  free  atmosphere  [8,9].  The  beam  electrons  are  emitted 
following  ion  bombardment  of  a  cathode  area  that  is  2.6  cm  in 

d  i.  3.  me  ti  e  it  . 

A  small  neon  flow  is  maintained  through  the  electron  gun 
chambers  which  are  placed  at  each  end  of  the  plasma  tube.  Neon  is 
introduced  through  two  independently  controlled  needle  valves  and 
is  circulated  by  a  rotary  pump.  A  small  pressure  difference  (0.1 
Torr)  is  maintained  between  both  chambers  to  establish  a  small  gas 
flow  through  the  plasma  tube  with  the  purpose  of  obtaining  a  more 
even  distribution  of  silver  vapor  in  the  entire  medium.  For  all 
practical  purposes  the  silver  vapor  is  confined  to  the  inside  of 
the  plasma  tube,  and  the  electron  guns  which  are  placed  16  cm  from 
the  ends  of  the  plasma  tube  operate  in  a  pure  neon  atmosphere. 

The  current-voltage  characteristics  of  the  high  voltage  neon 
glow  discharge  that  produces  the  electron  beams  differs  from  these 
for  the  helium  discharges  used  in  previous  experiments.  This  is  a 
consequence  of  the  difference  in  the  ionization  cross-section, 
ionization  energy  and  ionic  mobility  of  both  gases  [10].  The  I-V 
characteristics  of  the  high  voltage  neon  glow  discharge  are 
illustrated  in  figure  1.  The  data  was  obtained  operating  the  two 
electron  guns  simultaneously  in  the  presence  of  a  macnetic  field  as 
is  done  for  laser  operation.  The  electromagnet  current  was 
adjusted  to  produce  a  magnetic  field  of  3.07  kG  in  the  center  of 
the  plasma  tube.  At  16  cm  from  the  ends  of  the  plasma  tube  where 
the  emitting  surfaces  of  the  electron  guns  are  located,  the 
corresponding  value  of  the  magnetic  field  was  measured  to  be  27 
Gauss  . 
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Timurs  2a  illustrates  the  variation  of  the  laser  output  power 
of  the  4  73.3  rut  line  of  Agl.  as  a  function  of  the  discharge 
current.  The  data  corresponds  to  the  use  of  a  ncn-cpt ini  ted 
o c 1 1  o a  1  c a v i t  v  constructed  with  a  fiat  total  rsf  lact  too  m i r r t  r  or. o 
a  5  ti  radius  of  curvature  output  coupling  mirror  having  a 
t  rar.smiss  i  vit  v  of  1  1  at  4  78  .ore  .  The  discharge  current  threshold 
for  laser  action  occurred  at  3. "3  A,  and  the  3W  output  power  of  the 
clue  line  increased  linearly  to  a  value  of  60  m.W  at  oh®  maximum 
electron  ”c 0 3 m  di.scri3.rrT6  cur rsr. c  i n v 0 s r. i cr 3 ti c d ,  1.15  A.  T 0  ri 0 3 c 3 r 

voltage  and  current  were  64  V  and  131  A  rescect ive ly ,  and  the  value 
of  the  magnetic  field  was  2.3  <G .  Tue  to  the  higher  ionization 
cross-section  of  neon  and  the  corresponding  snorter  electron 
mean-free  path  for  the  beam  electrons,  the  operation  of  the  Ne-Ag 
laser  requires  lower  pressure  than  the  He-Ag  infrared  laser  [2:  . 

The  optimum  average  neon  pressure  was  found  to  be  1.3  Terr.  We 
note  that  with  the  optical  cavity  and  electron  gun  geometry 
>^escri'c®d  above  only  approximately  twenty  percent  of  the  total 
plasma  volume  is  used  to  generate  laser  radiation,  and  an  increased 
!as®r  output  power  could  obtained  by  optimizing  the  overlap 
between  the  mode  volume  and  the  electron  beam  plasma  volume.  The 
variation  of  the  laser  output  power  as  a  function  of  the  externally 
applied  magnetic  field  is  illustrated  in  figure  2b.  The  dependence 
is  similar  to  that  previously  observed  for  the  840.4  r.m  line  of 
Agll  in  a  He-Ag  mixture  [2], 
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78. B  nm  Laser  Output  Power  (mW) 
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Laser  Oscillation  in  a  Flowing  Negative  Glow  Plasma 
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Continuous  wave  laser  oscillation  by  electron-ion  recombination  was 
previously  demonstrated  by  J.  J.  Rocca  in  cadmium  using  a  flowing  using 
a  flowing  negative  glow  plasma  [1],  Negative  glow  plasmas  have  an 
electron  energy  distribution  in  which  energetic  beam  electron  and 
supercooled  secondary  electrons  coexist  under  steady-state  conditions 
and  can  be  advantageously  used  for  the  excitation  of  recombination 
lasers.  The  ideal  plasma  for  a  recombination  laser  should  have  both  a 
large  density  of  energetic  electrons  for  efficient  ionization  and  a 
large  concentration  of  cool  electrons  for  rapid  recombination.  By 
using  electron  beams,  it  is  possible  to  generate  stationary  plasmas 
that  are  simultaneously  dense  and  cold.  In  negative  glow  plasmas,  the 
ionization  is  due  to  energetic  beam  electrons.  Secondary  electrons, 
which  result  from  ionization  processes  mostly  with  zero  energy,  can 
only  gain  energy  from  elastic  collisions  with  beam  electrons  and  in 
superelastic  de-excitation  processes.  These  electrons  are  thermalized 
at  a  low  energy  by  frequent  collisions  with  gas  atoms.  In  stationary 
negative  glow  plasmas,  the  energy  of  the  thermalized  electrons  is 
typically  0.1  eV.  A  fast  gas  flow  is  used  to  create  a  plasma 
recombination  region  without  energetic  electrons  with  the  purpose  of 
avoiding  electrons  impact  excitation  of  the  laser  lower  levels,  which 
frequently  forbids  CW  laser  oscillation  by  electron-ion  recombination 


[1]  . 


2 


Herein  we  discus  the  use  of  the  same  flowing  hollow  cathode  laser 
system  to  demonstrate  near-infrared  laser  action  in  lead,  tin,  zinc, 
hydrogen,  argon  and  neon.  Continuous  wave  laser  oscillation  by 
collisions!  electron-ion  recombination  was  observed  in  argon.  Four 
other  coiiisioral  recombination  laser  transitions  were  observed  in  a 
pulsed  mode  in  Pbl,  ?bll,  Znl  and  SnII.  In  addition,  six  other  laser 
transitions  excited  by  other  mechanisms  were  observed  in  hydrogen, 
argon,  tin  and  neon. 

1 1 .  Flowir.c  Hollow  Cathode  laser  System: 

A  schematic  representation  of  the  flowing  hollow  cathode  laser 
system  used  for  the  excitation  of  recombination  laser  action  is  shown 
in  figure  1.  A  discharge  is  established  between  a  hollow  cathode  and  a 
mesh  anode.  The  cathode  has  a  slot  4  cm  long,  1.2  cm  deep  and  0.2  cm 
wide.  Helium  first  flows  through  the  anode  mesh  and  then  through  the 
cathode  slot  at  a  flow  rate  of  6  liters  per  minute  measured  at  760 
Torr .  Argon  or  neon  is  added  to  enhance  cathode  sputtering.  A  rotary 
pump  with  a  pumping  rate  of  1000  liters  per  minute  is  used  to  initially 
evacuate  the  vacuum  chamber  to  a  pressure  of  10~3  Torr  and  to  establish 
the  gas  flow.  The  gas  flow  creates  a  recombining  plasma  plume 
downstream  of  the  cathode.  The  hollow  cathode  is  made  of  the  selected 
laser  material  and  is  soldered  into  a  water  cooled  copper  body.  Metal 
vapor  is  produced  by  sputtering  of  the  hollow  cathode  material.  Glow 
discharges  were  created  using  pulsed  and  dc  power  excitation.  Pulsed 
currents  reaching  35  A  with  pulsewidths  between  10  and  50  (is  at  a 
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gure  1 : 


Schematic  representation  of  the  flowing  hollow  cathode 
laser  system.  The  positioning  of  the  collimators  and  the 
setting  for  the  zero  point  for  the  measurements  of  the 
distance  between  the  cathode  and  optical  path  axis  are 
also  shown. 
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frequency  of  500  Hz  and  dc  currents  up  to  2  A  were  used  for  the 
excitation.  In  the  latter  case,  a  500  £2  series  ballast  resistance  was 
used.  A  dense  negative  glow  develops  within  the  cathode  slot,  and  a 
short  positive  column  links  it  to  the  anode.  The  plasma  in  the  slot  is 
expanded  downstream  from  the  gas  inlet  by  the  flowing  gas  to  form  a 
stationary  low  temperature  recombining  plasma  plume  as  shown  in  figure 

t 

Figure  2  is  a  picture  of  the  discharge  structure  showing  the  anode 
and  slotted  cathode.  The  entire  discharge  structure  is  mounted  in  a 
glass  tube  that  is  movable  with  respect  to  the  axis  of  an  optical 
resonator  using  a  dynamic  vacuum  seal.  The  ability  to  move  the  grass 
tube  allowed  the  exploration  of  laser  action  in  different  regions  of 
the  recombining  plasma  jet.  To  make  spatially  resolved  measurements  of 
the  emission  of  the  different  regions  of  the  recombining  plasma  plume, 
two  2  mm  diameter  collimators  were  used.  The  collimators  restricted 
the  portion  of  the  recombining  plume  being  observed.  Figure  1  also 
shows  the  setting  of  the  zero  reference  for  the  measurements  of  the 
distance  from  the  cathode  to  the  axis  of  the  optical  path.  The  zero 
reference  position  is  set  such  that  the  cathode  position  is  adjusted  to 
touch  a  helium-neon  laser  beam  centered  in  the  collimators. 

The  optical  cavity  for  the  laser  experiments  was  made  of  two 
mirrors  each  with  a  2  meter  radius  of  curvature.  Two  sets  of  mirrors 
were  used:  one  set  has  a  dielectric  coating  that  is  highly  reflective 
(R  >  95%)  in  the  1.0  -  1.5  Jim  spectral  region,  and  the  other  is  highly 
reflective  in  the  1.5  -  2.0  Jim  spectral  region.  The  optical  cavity  was 
set  with  its  axis  in  the  same  plane  as  the  cathode  slot.  A  Ge 


barge  structure  of  flowing  hollow 


6 


photodiode  with  a  rise  time  of  20  ns  was  used  to  detect  the  laser  light 
that  was  emitted. 


III.  Recomb inat  ion  Las  ir.cr  ir,  lead: 


Two  lead  laser  transitions  were  observed  under  pulsed  excitation  in 
the  flowing  afterglow  when  the  slotted  cathode  was  fabricated  cf  lead. 
The  measured  laser  wavelengths  are  12102  z.  2  and  12215  -  2  A.  The 
emission  is  assigned  to  the  131CC.1  A  line  cf  ?bl  (7p  -  “s  -?■'-) 

and  the  12215.9  A  line  of  Pbll  (6f  2:-;/20  -  Td  2  -  5 ,/  2 }  -espectivelv  [2;. 
W.  T.  Silfvast,  1.  H.  Sreto  and  0.  R.  Weed  II  reported  a  Pbl  transition 
at  120SC  A  and  also  designated  it  as  the  121C0.1  A  transition  [2,4], 
and  Zhukov,  Lacush,  .Mikhaievskii  and  Sem  previously  observed  the 
12216.9  A  laser  transition  of  Pbll  [5].  A  partial  Grctrian  diagram 
showing  these  two  transitions  is  given  in  figure  2.  The  lead 
transitions  did  net  iase  in  a  CW  mode  where  a  dc  current  up  to  2  A  was 
applied . 


The  output  intensity  of  the  Pbl  and  Pbll  laser  lines  as  a  function 
of  distance  between  the  cathode  and  optical  path  for  two  different 
discharge  currents  is  shown  in  figure  4.  The  Pbl  transition  at  12100.1 
A  was  observed  to  lase  both  in  a  He-Ar  mixture  and  in  pure  Ar .  Based 
c.n  this  fact  and  from  the  spatial  distribution  cf  the  laser  output 
which  peaks  at  0.5  -  1.0  cm  from  the  cathode  depending  or.  the  discharge 
current ,  it  is  inferred  that  the  Pbl  line  is  an  electron- ion 
recombination  excited  laser  transition. 


"15216.3  A  (Pbi!) 


15  ICC.  1  A  (Pbi) 
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Laser  output:  of  the  two  ?b  laser  transitions  as  a  function 
of  distance  between  the  cathode  and  optical  path  axis. 

The  current  puisewidth  was  20  |ls .  (a)  is  for  a  discharge 

current  of  5  A  while  (b)  is  for  a  discharge  current  of  10 
Gas  flows  were  1.2  liters  per  minute  for  Ar  and  4 
ers  per  minute  for  He.  Two  2  mm  diameter  collimators 
e  enc loved  for  spatial  resolution. 
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As  shown  in  figure  5,  the  ?b  I  laser  transition  is  thought  to  be 
excited  by  the  following  manner.  First,  high  energy  electrons  collide 
wish  the  helium  atoms  exciting  them  to  the  metastable  states  of  the 
helium  atom  and  to  the  ground  state  of  the  helium  ion.  Electron 
collisions  witn  nelium  dominate  over  those  with  lead  since  lead  is  an 
impurity  in  the  helium  buffer  gas.  A  fraction  of  the  helium  ions  and 
metastable  atoms  are  driven  out  of  the  cathode  slot  by  the  gas  flow  and 
remain  in  this  state  until  they  collide  wit.i  the  lead  atoms 
transferring  their  stored  energy  to  the  lead  atoms  through  a  charge 
transfer  or  Penning  reaction.  These  excited  lead  ions  then  cascade 
radiatively  and  coiiisicnally  to  the  Pbll  ground  state.  The  Pbll  ions 
then  undergo  three-body  electron-ion  recombination  preferentially 
populating  high  lying  levels  in  the  lead  atoms.  These  atoms  then 
undergo  radiative  and  coliisior.al  de-excitation  to  the  laser  upper 
level  where  an  inversion  is  created,  ar.d  laser  oscillation  can  take 
p lace . 

The  Pbll  laser  transition  occurs  closer  to  the  cathode  and  is 
thought  to  be  excited  following  the  recombination  of  Pblll  ground  state 
iuns .  Zhukov  et .  al.  have  attributed  the  excitation  of  this  laser 
transition  in  the  temporal  afterglow  of  a  positive  column  glow 
discharge  to  an  electrcn-icn  recombination  of  the  Pblll  ground  state 
which  is  excited  by 

He + ( 1 s  2S1/2)  +  ?b(Sp2  3oq)  - ?br"(6s2  *S0)  +  Ke (Is2  :S0)  + 


e 


AE  {2  .  1  eV)  . 


(1) 


This  type  of  hybrid  Duf f endack-Penning  reaction  has  been  confirmed  to 
occur  wish  high  efficiency  in  a  Ke-?b  afterglow  £  6 ]  .  In  a  helium 
afterglow  with  an  ion  density  cf  10- 2  cm~J  and  a  HeMX(2s  S y )  density 
of  1 0-3  crn~--  the  excitation  of  highly  excited  states  of  singly  icr.izec 
lead  was  observed  to  be  as  strong  as  the  direct  excitation  of  lower 
lying  levels  by  conventional  Penning  reactions  [5] . 

A  Penning  ionization  could  also  contribute  to  excitation  of  the 
Pbll  laser  transition.  A.s  shewn  in  figure  3,  Penning  ionization 
reaction  between  the  ley*  (2s  -^Sq)  metastable  state  and  the  ground  sta: 
lead  atoms  is  enercreticaily  allowed: 


Hey* (2s  1 S o )  +  Pb(6p2  3Pq) - *-He(ls2  1S0)  +  Pb+*(6f  2F7/2°) 


+  e~  +  b£  (0 . 44  eV)  . 


(2) 


However,  the  Ke\j*(2s  2Sq)  population  is  limited  by  superelastic 
electron  de-excitation,  and  in  flowing  afterglow  helium  experiments, 
the  only  metastable  atoms  present  in  quantities  detectable  by  optical 
absorption  are  these  in  the  KeM*(2s  3Sy)  level  [6].  Never  the  less, 
excitation  of  the  laser  upper  level  from  the  He\j*(2s  3S2)  is  not 
energetically  allowed.  Consequently,  while  Penning  excitation  probably 
makes  a  contribution  to  the  excitation  of  the  ?b+*(6f  2?7//2 °)  state, 
recombination  from  doubly  ionized  lead  is  likely  to  be  the  dominate 
excitation  path. 

The  plots  of  figure  4  also  depict  that  an  increase  in  the 
excitation  current  causes  the  position  corresponding  to  the  peak  of  the 
laser  intensity  to  move  away  from  the  cathode.  This  dependence  is  due 


to  a  higher  electron  density  at  higher  currents  which  increases  the 
supereiastic  electron  de-excitation  of  the  laser  upper  level  for  both 
transitions . 

Figure  6  illustrates  the  laser  output  and  the  time  delay  with 
respect  to  the  end  of  the  current  pulse  for  both  lead  laser  transitions 
as  a  function  of  the  He  flow.  A  constant  flow  of  argon  at  a  rate  of 
1.1  liters  per  minute  was  used.  The  laser  output  intensity  of  the  Pbl 
recombination  laser  transition  increased  while  the  time  delay  decreased 
as  He  was  added  to  the  flow.  This  result  is  probably  caused  by  the 
mere  efficient  cooling  of  the  plasma  which  increased  the  electronrion 
recombination.  The  laser  output  of  the  Pbll  laser  transition  did  not 
occur  until  the  He  flow  was  greater  than  the  argon  flow.  This  shows 
that  the  excitation  of  this  laser  transition  is  helium  dependent  and 
eliminates  the  possibility  of  direct  electron  impact  excitation  of  the 
Pbll  laser  transition.  The  helium  flow  at  which  the  Pbll  transition 
started  to  lase  was  2.5  liters  per  minute.  The  output  increased  with 
increased  gas  flow  until  the  flow  was  3  liters  per  minute.  The  time 
delay  was  simultaneously  observed  to  decrease  slightly.  This  increase 
in  the  laser  output  and  decrease  in  the  time  delay  is  attributed  to  a 
higher  excitation  of  the  laser  upper  level .  The  drop  in  the  laser 
output  for  a  helium  flow  above  3  liters  per  minute  was  accompanied  by  a 
slight  increase  in  the  time  delay.  This  phenomena  is  possibly  due  to  a 
decrease  in  cathode  sputtering.  Laser  action  in  the  Pbl  transition  was 
also  observed  to  occur  in  a  pure  argon  discharge.  Figure  7  shows  the 
dependence  of  the  laser  intensity  of  the  Pbl  13100.1  A  line  and  its 
time  delay  with  respect  to  the  end  of  the  current  pulse  as  a  function 
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(a)  Time  delay  and  (b)  laser  output  intensity  for  the 
13100.1  A  Pbl  and  13216.9  A  Pbll  laser  transition  as  a 
function  of  He  flow.  Discharge  current  was  7  A  with  a 
pulsewidth  of  30  (is.  Ar  flow  remained  constant  at  1.1 
liters  per  minute  which  means  it  dominates  for  the  firs 
half  of  the  plot.  Distance  between  cathode  and  optical 
path  axis  was  0.1  cm.  No  collimators  were  employed. 
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gure  7:  (a)  Time  delay  and  (b)  laser  output  intensity  for  both 

the  13100.1  A  Pbl  and  13216.9  A  Pbll  laser  transitions  as 
a  function  of  the  discharge  current.  Current  pulsewidths 
were  30  (is.  Distance  between  cathode  and  optical  path 
axis  for  the  recombination  and  Penning  excited  laser 
transitions  were  0.5  and  0.2  cm,  respectively.  Gas  flows 
were  1.3  liters  per  minute  for  Ar  and  4  liters  per  minute 
for  He.  No  collimators  were  used. 
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of  varying  argon  flow.  These  plots  show  that  as  the  argon  flow 
increased  the  laser  output  diminished  and  the  time  delay  increased. 

Figure  3  gives  the  change  in  the  laser  output  intensity  and  the 
time  delay  between  the  end  of  the  current  pulse  and  beginning  of  the 
laser  pulse  as  a  function  of  discharge  current.  As  shown,  the  Pbl 
recombination  laser  transition  output  increased  and  the  corresponding 
time  delay  decreased  when  the  current  was  increased  from  the  threshold 
value  of  2.8  to  6  A.  This  increased  laser  intensity  and  decreased  time 
delay  corresponded  to  an  increase  of  the  electron-ion  recombinatidn 
rate  and  of  the  small  signal  gain  with  larger  currents.  However  when 
the  input  current  was  increased  above  6  A,  the  laser  output  decreased 
and  the  time  delay  increased.  This  behavior  is  due  to  the  increase  in 
superelastic  electron  de-excitation  of  the  laser  upper  level  due  to  a 
higher  electron  density. 

When  the  input  current  changed  from  its  threshold  value  of  1.7  to  5 
A  as  shown  in  figure  8,  the  laser  output  of  the  Pbll  laser  transition 
increased  while  the  time  delay  decreased  slightly.  The  increased 
output  and  diminished  time  delay  are  a  consequence  of  a  higher  Dumping 
rate  which  increased  the  number  of  helium  ions  and  consequently  the 
Pbll  ions.  The  decrease  of  the  laser  output  for  discharge  currents 
above  5  A  might  be  due  to  superelastic  electron  de-excitation  of  the 
laser  upper  level  which  diminishes  the  population  inversion.  Lead  was 
not  observed  to  lase  in  the  1.5  -  2.0  )lm  spectral  region. 
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(a)  Time  delay  between  the  laser  pulse  and  the  end 
current  pulse,  and  (b)  laser  output  intensity  for  t^v 
13100.1  A  Pbl  laser  transition  as  a  function  of  the  Ar 
flow.  Discharge  current  was  7  A  with  a  pulsewidth  of  30 
jxs .  Distance  between  cathode  and  optical  path  axis  was 
0.1  cm.  No  collimators  were  used. 


Figure  8  : 
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Replacing  the  slotted  lead  cathode  with  one  made  of  tin  enabled  the 
achievement  of  an  ionic  tin  laser  transition.  The  measured  wavelength 
of  this  transition  was  10737  ~  2  A.  The  gas  flows  were  1.3  liters  per 
minute  for  Ar  and  4  liters  per  minute  for  He.  This  line  is  assigned  to 
the  SnII  transition  of  10738.7  A  (5f  2°  ~  6d  ^05/0)  [2,7] .  V.  V. 

Zhukov  at.  al.  observed  a  laser  transition  in  Sr TI  at  a  wavelength  of 
10740  A  and  assigned  it  to  the  5f  ^F-j/20  ~  ^5/2  transition  [5,3]. 

The  5f  -  6d  ^05/2  transition  corresponds  to  a  wavelength  of 

10743.3  A  [2,7].  A  partial  Grotrian  diagram  of  SnII  showing  this  laser 
transition  is  given  in  figure  9. 

A  plot  of  the  laser  output  intensity  as  a  function  of  the  distance 
between  the  slotted  cathode  and  the  optical  path  axis  is  given  in 
figure  10.  This  plot  is  similar  to  that  of  figure  5  corresponding  to 
the  Pbll  laser  line. 

Zhukov  et.  al.  attributed  this  SnII  laser  transition  observed 
during  the  afterglow  of  a  positive  column  glow  discharge  to  an 
electron-ion  recombination  reaction  of  the  SnIII  ground  state  which  was 
excited  by  the  reaction 

He+  ( Is  2 S t_ / 2 )  +  Sn(5p2  3Pq) - *-  Sn++(5s2  ^Sq)  +  He(ls2  1S0) 

+  e~  +  AE (2 . 6  eV)  (3) 

as  they  did  for  the  Pbll  laser  transition. 
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Figure  9 


Partial  Grotrian  diagram  of  tin.  The  ionization  o 
is  taken  as  the  origin  of  the  energy  axis . 
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Figure  10 :  Laser  output  intensity  of  the  10738.7  SnII  Penning  excited 
laser  transition  as  a  function  of  distance  between  the 
cathode  and  optical  path  axis.  Discharge  current  was  6  A 
with  a  pulsewidth  of  27  ^s .  Gas  flows  were  1.3  liters  per 
minute  for  Ar  and  4  liters  per  minute  for  He.  Two  2  mm 
diameter  collimators  were  used. 
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As  seen  in  figure  9,  the  metastable  HeM*  (2s  -^Si_)  level  of  helium 
lies  close  to  the  laser  upper  level  of  the  SnII  laser  transition.  T 
Penning  excitation  process  than  is  likely  to  contribute  to  the 
excitation  of  the  SnII  laser  transition  is 
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Penning  reactions  of  the  type  of  (4)  have  a  high  probability  of 
occurrence  (G  ~  10“  ^  cm^ )  [9]  .  Consequently,  it  is  possible  than  a 

significant  part  of  the  laser  excitation  might  occur  through  Penning 
collisions  with  helium  metastabies  as  in  the  case  of  Pbll. 

The  SnII  transition  was  unable  to  lase  CW  when  a  dc  current  of  up 
to  0.8  A  was  applied  to  the  slotted  cathode.  The  discharge  arced  at 
larger  currents  before  the  threshold  for  CW  laser  action  could  be 
achieved.  Laser  action  in  tin  was  not  observed  in  the  1.5  -  2.0  (im 
spectral  region. 


V .  Peccmb ir.at ion  Lasing  in  Atomic  Zinc  ana  Enhanced  Laser 
Intensify  by  Hydro cren  Plasma  Ccolinc: 


Recombination  lasing  was  also  achieved  in  Znl  when  the  slotted 
cathode  was  made  of  zinc.  The  observed  laser  transition  wavelength  was 
12152  ±  2  A.  This  corresponds  to  a  Znl  recombination  laser  transition 
previously  reported  by  Wood  II,  Mackli.n  and  Silfvast  [3],  assigned  to 
the  13151.42  A  line  which  had  a  level  designation  of  5p  -P j_°  -  5s  ^Sy. 
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For  this  laser  transition  to  occur,  the  flews  were  adjusted  to  1.2 
liters  ter  minute  for  Ar  and  4  liters  per  minute  for  He.  A  partial 
Grotriar.  diagram  displaying  this  laser  transition  is  shown  in  figure 


electron-ion  recombination  rate  decends  uoon  the  electron 


*“  O,  o  v  p  —  *  '  ■*>-  a 


the  h 


oner 


addition  of 
by  cooling 


are 


thermal its 


efficient  e 
expected  to 
observation 


g  c  g  r"  Of  ^  “  ^7/2  rr’^'0T*a“.0^“O  —  n  g  1  a  y  ^  a 

he  collisicnai  recombination  reaction  rate  making 
trough  electron-ion  recombination  more  efficient.  The 
hydrogen  was  observed  to  enhance  the  laser  output  intensity 
f  the  electron  cas .  This  occurs  because  hvorccen  molecules 
than  helium  atoms,  are  gcca  conductors  of  heat,  and  wiii 
he  electron  gas  to  a  lower  temperature  through  more 
astic  collisions.  Consequently,  the  addition  of  Hy  can  be 
enhance  the  laser  output  which  is  in  agreement  with  the 


Figure  12  shows  the  laser  output  intensity  of  the  Znl  recombination 
laser  transition  as  a  function  of  the  distance  between  the  cathode  and 
cpticai  cavity  axis.  The  relative  laser  intensity,  both  with  and 
without  the  addition  of  hydrogen,  is  given.  The  gas  flows  in  the 
discharge  with  hydrogen  were  1.2  liters  per  minute  for  H i,  1.2  liters 
per  minute  for  Ar  and  2  liters  per  minute  for  He.  The  addition  of 
hydrogen  causes  the  recombination  reaction  to  be  enhanced  and  laser 
action  to  occur  closer  to  the  cathode.  Figure  13  illustrates  the 
dramatic  increase  in  laser  output  power  obtained  when  Hg  is  added  to 
the  disenarge.  This  figure  also  shows  how  the  time  delay  between  the 
end  of  the  current  pulse  and  the  beginning  of  the  laser  pulse  shrinks 
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Laser  output  intensity  of  the  13151.4  A  Znl  recombination 
laser  transition  as  a  function  of  the  distance  between  the 
cathode  and  optical  cavity  axis.  Gas  flews  without  H2 
were  1.2  liters  per  minute  for  Ar  and  4  liters  per  minute 
for  He.  Gas  flows  with  H2  were  1.5  lifers  per  minute  for 
H2 ,  1  liter  per  minute  for  Ar  and  3  liters  per  minute  for 
He.  Discharge  currents  were  15  A  with  a  puisewidth  of  10 
Ur.  Two  2  mm  diameter  collimators  were  used. 


Discharge  Current  (A) 


(a)  Discharge  current  1  upper  trace)  and  laser  output  of 
the  12151.4  A  Znl  laser  transition  (lower  trace)  pulses 
without  Ho.  Gas  flows  were  1.2  liters  per  minute  for  Ar 
and  4  liters  per  minute  for  He.  (b)  Same  as  in  part  (a) 
but  with  the  addition  of  K2 •  Gas  flows  were  1.5  liters 
per  minute  for  Kg,  1  liter  per  minute  for  Ar  and  3  liters 
per  minute  He.  The  time  delay  decreased  from  80  to  15  |ds 
with  the  addition  of  Hg •  The  distance  between  the  cathode 
and  cctical  oath  axis  was  0.5  cm. 


Laser  Output  (rel.  units) 
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with  the  addition  of  hydrogen.  The  laser  output  and  .he  time  delay 
between  the  end  of  the  discharge  current  pulse  and  the  beginning  of  the 
laser  pulse  as  a  function  of  current  for  both  the  inclusion  and 
exclusion  of  hydrogen  is  given  in  figure  14.  The  addition  of  hydrogen 
to  the  plasma  caused  the  laser  output  peak  to  increase,  time  delay  to 
decrease  and  the  value  of  the  current  corresponding  to  the  laser  output 
peak  to  increase.  All  of  these  phenomena  can  be  attributed  to  an 
increase  in  the  electron-ion  recombination  rate. 

A  do  input  of  up  to  1.5  A  was  applied  to  the  slotted  zinc  cathode. 
The  Zr.I  recombination  laser  transition  was  not  observed  to  lase  in  the 
CW  mode  regardless  of  the  addition  of  hydrogen.  Also,  zinc  did  not 
lase  in  the  1.5  -  2.0  (im  spectral  region. 

VI  .  Continuous  Wave  Recombination  Lasfncr  in  Arl: 

Recombination  lasing  in  neutral  argon  was  observed  with  slotted 
cathcdes  made  of  cast  iron,  tin  or  copper.  The  most  detailed  study  of 
lasing  in  Arl  was  conducted  using  a  cast  iron  cathode,  and  the  results 
reported  hereafter  correspond  to  this  case .  The  observed  wavelength  of 
the  transition  was  12704  +  2  A.  The  gas  flow  was  1.3  liters  per  minute 
of  Ar  and  4  liters  per  minute  of  He.  This  line  was  assigned  to  the  Arl 
(3d*  [3/2]  2.°  ~  4p '  [1/2]  ]_)  transition  with  an  actual  wavelength  of 
12702.2  A  [7].  A  partial  Grotrian  diagram  showing  the  Arl  laser 
transition  is  given  in  figure  15.  Solanki  et .  ai.  reported  that  pulse 
excitation  of  this  laser  transition  caused  by  the  contributions  of  both 
electron  impact  and  recombination  in  the  stationary  (r.on-f lowing) 


laser  Output  Power  (rel.  units)  Time  Delay 
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Pulsed  Discharge  Current  (A) 


ure  14:  (a)  Time  delay  and  (b)  laser  output  intensity  of  the 
13151.4  A  Znl  laser  transition  as  a  function  of  the 
discharge  current.  P_ots  for  both  with  and  without 
hydrogen  are  given.  Gas  flows  were  the  same  as  uhose  in 
figure  4  . 13 .  Pulsewxdth  was  10  (is,.  and  two  2  mm 
collimators  were  used.  Distance  from  cathode  to  optical 
path  axis  without  H2  was  0.8  cm  and  with  H2  was  0.5  cm. 
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negative  glow  inside  a  hollow  cathode  slot  [10].  Solanki  et.  al .  also 
observed  CW  operation  of  this  Arl  laser  line  while  using  a  hollow 
cathode  device.  They  surmised  that  the  CW  mode  of  this  transition  was 
pumped  via  electron  impact.  This  Arl  laser  transition  has  also  been 
observed  to  be  superradiant  [11]. 

Figure  16  snows  there  are  two  peaks  in  the  output  intensity  of  the 
12702.2  A  laser  transition  as  a  function  of  position  of  the  axis  of  the 
optical  cavity  with  respect  to  the  cathode  when  the  discharge  was 
excited  in  the  pulsed  manner.  The  peak  in  the  laser  output  intensity 
at  0.5  cm  distant  from  the  cathode  is  attributed  to  excitation 
following  eiectron-icn  recombination  as  in  the  case  of  the  ?bl  and  Zr.I 
laser  lines.  The  inversion  in  the  region  of  the  plume  closer  to  the 
cathode  is  likely  to  receive  a  contribution  from  another  excitation 
mechanism . 

Figure  17  shows  the  laser  output  intensity  and  the  time  delay 
between  the  end  of  the  current  pulse  and  the  beginning  of  the  laser 
pulse  as  a  function  of  the  excitation  current.  The  pulsewidth  of  the 
current  pulse  was  20  |!s .  Measurements  were  done  at  the  cathode  edge 
and  at  0.5  cm  from  the  cathode.  As  shown  in  this  figure,  the  laser 
pulse  time  delay  for  the  portion  of  the  plasma  at  0.5  cm  from  the 
cathode  decreased  when  the  input  current  was  changed  from  the  threshold 
value  of  1.25  to  5  A.  Tnis  time  delay  decrease  corresponds  to  an 
increase  in  th<_  laser  output  intensity  also  shown,  and  it  is  attributed 
to  an  increase  in  the  electron-ion  recombination  rate  due  to  a  higher 
electron  density.  However,  when  the  current  is  increased  above  5  A, 
the  electron  density  became  excessive  and  the  laser  output  decreased 
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while  the  time  delay  increased.  The  excessive  electron  density  causes 
supereiastic  electron  de-excitation  of  the  laser  upper  level  to  begin 
dominating  over  the  excitation  processes. 

1  cor  inters  :  ty  2  p  r|  1  » */  of  rha  p  $  p for  }  r 

action  in  the  region  of  the  flowing  plasma  near  the  cathode  is  also 
shown  in  figure  17.  As  can  be  seen,  the  time  delay  of  the  onset  of  the 
laser  pulse  after  the  end  of  the  current  pulse  reaches  50  [is  . 

Energetic  electrons  scattered  out  of  the  cathode  slot  could  in 
principle  contribute  to  the  excitation  in  the  region  close  to  the 
cathode.  However  for  this  to  be  possible,  electrons  with  enough  energy 
to  excite  the  transition  are  required  to  have  lifetimes  larger  than  the 
measured  time  delay  of  the  laser  pulse.  The  lifetime  of  a  300  eV 
electron  was  calculated  for  this  purpose.  To  estimate  a  lower  limit 
for  the  electron  lifetime,  one  may  assume  that  the  most  important  type 
of  collisions  that  the  electron  can  initially  go  though  are  ionization 
and  metastable  creation  of  helium.  The  cross  sections  for  these 
reactions  (a  c:  10--'-7  and  10--^  cm-2)  are  larger  than  any  other  cross 
sections  for  excitation  from  the  ground  state  to  any  other  excited 
level  [12],  and  also  the  density  of  helium  in  the  discharge  is  nearly 
20  times  that  of  argon.  The  calculated  lifetime  of  a  300  eV  electron 
for  its  energy  to  drop  to  a  value  too  small  to  excite  the  laser  upper 
level  was  calculated  approximately  to  be  of  the  order  of  tens  of  ns. 
Consequently,  the  observed  50  (Is  time  delay  is  excessive  for  the 
electron  impact  reaction  to  aid  electron-ion  recombination  in  achieving 
a  population  inversion.  Therefore,  there  must  be  another  excitation 
mechanism  to  make  laser  action  possible  for  this  portion  of  the  spatial 
laser  output  profile  of  figure  16. 
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Another  type  of  reaction  that  needs  to  be  investigated  in  relation 
with  the  excitation  of  the  Arl  transition  is  dissociative 
recombination.  There  are  two  possible  dissociative  recombination 
reactions.  The  first  is  dissociative  recombination  of  (HeAr)4.  This 
ion  is  formed  by: 


HeM*(2s  3SiJ  +  Ar(3p6  ^-Sq)  - (HeAr)  +  +  e~ 


(5) 


and  dissociative  recombination  of  (HeAr) +  ocuurs  through  reaction: 


(HeAr)  +  +  e"  - *■  (HeAr)  *  - +•  He  ( Is2  ^Sq)  +  Ar* 


(6) 


where  (HeAr) *  is  a  short  lived  excited  state  in  which  the  atoms  are 
repulsed  by  each  other  and  Ar*  is  a  high  lying  Arl  level.  The  second 
possible  dissociative  recombination  reaction  is  that  of  Ary4-.  It  is 
formed  by: 


Ar+(3p5  3P3/2°)  +  2Ar(3p6  1Sq)  - *-  Ary4-  +  Ar(3p^  ^Sq) 


(7) 


and  by: 


(HeAr)  +  +  Ar(3p6  1Sq)  - *-  Ar2+  +  He(ls2 


and  dissociative  recombination  of  Ar2  +  occurs 


Ar2+  +  e  - Ar2*  - *“  Ar*  +  Ar(3p 


1S0) 

through 

6  iSQ) 


reaction : 


(8) 


(ID 
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where  Ar2*  is  an  unstable  excited  molecule  and  Ar*  is  a  high  lying 
level  of  Arl.  Since  the  creation  of  the  upper  level  was  initiated  from 
a  reaction  of  a  metastable  state  of  He  via  (5)  and  (6)  or  the  ground 
state  of  the  argon  or  (HeAr)  molecular  ion  via  (7),  (8)  and  (9),  the 

lifetime  for  this  creation  rate  of  the  laser  upper  level  can  be  several 
tens  of  ns  . 

Previous  investigators  have  found  that  reactions  (5)  and  (5)  have 
created  population  inversions  in  Arl  with  an  upper  level  of  3d  or  3d'' 
in  the  afterglow  of  the  positive  column  of  a  glow  discharge  when  the 
pressure  of  the  helium-neon-argon  mixture  was  >  50  Torr  [13] .  These 
investigators  claimed  that  it  was  reactions  (5)  and  (6)  which  created 
the  inversion  in  argon  since  the  addition  of  a  minute  amount  of  argon 
i^to  the  He-Ne  laser  device  quenched  the  He-Ne  laser  output  by 
depleting  the  he^*  -3].)  population. 

The  pressure  in  the  discharge  chamber  of  the  flowing  hollow  cathode 
system  was  measured  to  be  12  Torr  when  the  gas  flow  through  the  hollc: 
cathode  was  6  liters  per  minute.  Using  this  information,  an  estimation 
of  the  excitation  rate  into  the  laser  upper  level  through  both  types  of 
dissociative  recombination  was  calculated  using  rate  constants  from 
[14]  and  [15] .  The  rate  of  (9)  was  calculated  to  be  100  times  greater 
than  the  rate  of  (6)  .  The  pumping  rate  of  (9)  was  estimated  to  be 

dAru*/d,_(9)  c:  7  lu ^-5  cm-^  s~l.  (10) 


This  pumping  rate  is  sufficient  to  generate  a  small  signal  gain  of  the 
order  of  3.3  10~3  cm~l  which  is  compatible  with  the  observation  of 
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laser  action  using  totally  reflecting  mirrors.  Therefore,  the  12702.2 
A  line  of  Arl  near  the  cathode  in  the  recombining  plume  might  be 
excited  by  dissociative  recombination  of  Ar2f  through  (9) . 

Continuous  wave  laser  action  of  the  12702.2  A  Arl  laser  transition 
was  also  vlser'"~d  v.-hon  dc  excitation  was  provided  to  the  hollow 
cathode.  A  plot  of  the  laser  output  intensity  as  a  function  of 
excitation  current  with  the  axis  of  the  optical  path  0.5  cm  away  from 
the  cathode  is  shown  in  figure  18.  Two,  2  mm  ''ollimators  were  used  to 
differentiate  emission  origination  from  various  regions  of  the 
discharge.  The  continuous  wave  laser  action  was  observed  to  have  a 
threshold  current,  of  0.35  A,  maximized  at  0.47  A  and  ceased  to  lase  at 
a  current  of  0.71  A.  Figure  16  illustrates  the  variation  of  the  laser 
output  power  as  a  function  of  position  from  the  hollow  cathode.  The 
maximum  laser  intensity  was  observed  to  occur  at  0.5  cm  from  the 
cathode  and  corresponds  to  the  region  of  maximum  excitation 
eiectrcn-ion  recombination  in  the  pulsed  experiments. 

Another  argon  transition  was  also  observed  to  lase  in  a  pulsed 
manner  at  a  measured  wavelength  of  12403  ±  2  A .  This  transition  is 
assigned  to  the  Arl  line  with  a  wavelength  of  12402.8  A  corresponding 
to  the  designation  3d  [3/2]  ]_°  -  4p  [3/2]  i  [7],  This  laser  line  was 
observed  to  lase  when  the  gas  flew  was  1.1  liters  per  minute  of  Ar  and 
2.5  liters  per  minute  of  using  a  tin  cathode.  The  excitation 
current  was  10  A  with  a  pulsewidth  of  15  p.s ,  and  there  was  a  distance 
of  0.1  cm  between  the  cathode  and  optical  cavity  axis.  While  using  the 
copper  cathode,  this  transition  lased  when  the  gas  flows  were  1  liter 
per  minute  of  Ar,  3  liters  per  minute  of  He  and  1.5  liters  per  minute 


DC  Discharge  Current  (A) 


18  : 


CW  laser  output  of  the  12702.2  A  Arl  laser  transition 
excited  by  electron-ion  recombination  as  a  function  of 
discharge  current.  Distance  from  the  cathode  to  the 
optical  path  axis  was  0.5  cm.  Gas  flows  were  0.3  liters 
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of  H-  .  The  excitation  current  was  35  A  with  a  pulsewidth  of  15  |ls,  and 
there  was  3.5  cm  between  the  cathode  and  optical  cavity  axis.  ho  argon 
lines  were  observed  to  base  in  the  1.5  -  2.0  |lm  spectral  region. 
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Laser  oscillation  in  neon  and  molecular  hydrogen  was  also  observed. 
During  the  experiments  with  the  tin  cathode  three  Mel  laser  transitions 
were  observed  when  the  gas  flows  was  adjusted  to  1.5  liters  per  minute 
for  Me  and  4  liter  per  minute  for  He.  Neon  was  observed  to  oscillate 
11322  i  2  A.  The  actual  wavelength  for  this  transition  is  11522.75 
A  and  corresponds  to  the  transition  4s’  [1/2]  ]_°  -  3p 1  [3/2]  2  [7]-  The 
excitation  current  was  6  A  with  a  pulsewidth  of  27  [is  and  0.2  cm 
between  the  cathode  and  the  optical  cavity  axis.  The  other  two  Mel 
laser  transitions  were  observed  when  the  gas  flows  in  a  Ne-Ho  mixture 
were  1.3  liters  per  minute  for  Me  and  1.3  liters  per  minute  for  i  1 2 • 

The  corresponding  observed  wavelengths  were  11178  ±  2  and  11515  +  2  A 
with  the  actual  wavelengths  being  11177.5  and  11525.0  A  respectively 
[7],  The  corresponding  transition  assignments  for  these  laser  lines 
are  4s'  [3/2]2°  -  3p  [ 5 / 2 ] 3  and  4s  [ 3 / 2 ] -  2p  [3/2]1  respectively. 

These  two  transitions  were  observed  to  lase  when  the  discharge  current 
was  15  A  with  a  15  (is  pulsewidth  and  0.2  cm  between  the  cathode  and  the 
optical  cavity  axis. 

During  the  experiments  with  the  Zn  cathode,  molecular  hydrogen  was 
observed  to  lase  at  13056  ±  2  A.  This  was  assigned  to  the  wavelength 
of  13056.62  A  corresponding  to  a  transition  assignment  of  2s  ' Ig +  ?(4) 


0  -  2p  P  ( 4 )  1  [16]  .  This  transition  was  observed  to  lase  with  the 

gas  flows  at  1.2  liters  per  minute  for  H2,  1-1  liters  per  minute  for  Ar 
and  3  liters  per  minute  for  He.  The  input  current  was  15  A  with  a 
pulsewictn  of  10  jls  .  Figure  19  shows  the  output  intensitv  of  the  Hg 
laser  t.ansiticr.  as  a  function  of  distance  between  the  cathode  and  axis 
of  the  optical  cavity. 

VIII .  Other  Metal  Vacor  Afterglows: 

Copper,  iron  and  magnesium  were  also  used  for  the  slotted  cathode 
to  investigate  possible  infrared  laser  transitions.  Pulsed  currents 
reaching  55  A  at  pulsewidths  ranging  from  10  to  30  jls  were  employed  for 
these  cathodes.  The  distance  between  the  cathode  and  optical  cavity 
varied  from  0.1  to  1.0  cm.  None  of  these  materials  were  observed  to 
lase  in  the  flowing  hollow  cathode  laser  system  in  either  the  1.0  -  1.5 
or  the  1.5  -  2.0  (lm  spectral  regions. 

IX .  Summa ry : 

Laser  oscillation  in  ten  near- infrared  laser  transitions  were 
obtained  in  a  flowing  negative  glow  plasma  with  4  cm  of  gain  medium 
optical  path  following  the  recombination  of  both  singly  and  doubly 
charged  ions.  Table  1  summarizes  the  recombination  laser  transitions 
observed  in  the  flowing  hollow  cathode  plasma.  The  table  lists  the 
recombination  excited  transition  wavelengths,  the  transitional 


assignments 


and  the  mode  of  operation. 


CW  recombination  laser 


Distance  from  Cathode  to  Optica!  Path  Axis  (cm) 


Laser  output  of  the  13056.6  A  laser  transition  of  ^as  a 
function  of  the  distance  between  the  cathode  and  optical 
cavity  axis.  Discharge  current  was  20  A  with  a  pulsewidth 
of  10  jJ.s .  Gas  flows  were  the  same  as  those  of  figure  4.10 
with  the  addition  of  H2 •  Two  2  mm  diameter  collimators 
were  employed. 
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oscillation  was  obtained  in  argon.  Four  other  electron-ion 
recombination  laser  transitions  were  observed  in  Pbl,  Pbll,  Znl  and 
SnII  in  a  pulsed  mode.  The  Snll  laser  transition  is  probably  excited 
by  both  three-body  electron-ion  recombination  and  a  Penning  reaction 
with  the  He  metastabies .  Table  2  shows  other  laser  transitions 
observed,  the  actual  transition  wavelength  and  the  conditions  for  las 
actions.  As  shown  for  the  .ase  of  laser  oscillation  in  Znl,  the 
addition  of  hydrogen  into  the  plasma  cooled  the  plasma  which,  in  turn 
significantly  increased  the  excitation  of  the  laser  upper  level  via 
electron-ion  recombination. 
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Table  1 

Observed  P* combi not  ion  Lap*»r  Transitions 


C 

Laser  Medium  Waveleroth  Transition  Assicnment 


CW  Laser  Act 


I'emcnst  rat  t 


Ar  I 

12702.2 

A 

3d’ (3/2)  ° 

1 

- 

rsj 

O. 

'J- 

yes 

• 

PbX 

13100.1 

A 

?p 

3 

P 

1 

~i  s 

3  o 

P 

1 

no 

?bll 

13216.9 

A 

6  £ 

2  o 

F 

7/2 

7d 

2 

D 

5/2 

no 

Znl 

13151 . 4 

A 

5p 

3  o 

P 

1 

bs 

'  S 

1 

no 

SnXI 

10743.3 

A 

5  f 

2  c 

F 

5/2 

6d 

2 

D 

3/2 

no 

The  SnXI  transition  is  also  likely  to  be  excited  through 
Penning  reactions  with  metastabie  helium  atoms. 
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Table  2 


Other  Observed 

La  se 

r  Trans i 

t  ions 

Laser  Medium 

Wavr-lencsh 

t  ion  As c ianmen t 

Arl 

12402.8  A 

3d 

o 

[3/2] 

1 

-  4p  [3/2]  i 

(Jel 

11522.8  A 

4s 

0 

'  1 1/2  5 

-  3p '  ! 3/2 ) 

Nel 

11177.5  A 

4s 

0 

’  13/2! 

-  3p  (5/2) 

Nel 

11525.0  A 

4  S 

o 

[3/2] 

1 

-  3p  [ 3/2  J  i 

H 

2 

13056.6  A 

+ 

2s  'I  P<4>0 
9 

4- 

-  2p  ’I  P  14)  1 

u 
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